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METHOD, USE AND DEVICE RELATING TO NUCLEAR 
LIGHT WATER REACTORS 

BACKGROUND OF THE INVENTION AND PRIOR ART 

[0001] The present invention concerns a method of producing and treat- 

ing a sheet suited to be used as a component or as a part of a component in a 
fuel assembly for a nuclear light water reactor, which method comprises the 
following steps: 

a) producing a sheet of a Zr-based alloy by forging, hot rolling and cold 
rolling in a suitable number of steps, wherein said alloy contains at 
least 96 weight percent Zr and is of such a kind that the sheet is suit- 
able to be used for said component, 

b) carrying out an a+p quenching or a P quenching of the sheet when the 
sheet has been produced to a thickness which is equal to the final thick- 
ness, or at least almost equal to the final thickness, of the finished 
sheet, 

c) heat treatment of the sheet in the a-phase temperature range of said 
alloy, 

wherein step c) is carried out after steps a) and b) have been carried out. 

[0002] The invention also concerns a use and devices which will be 

described below. 

[0003] The above described method may for example be used for pro- 

ducing channel boxes for fuel assemblies for a boiling water reactor (BWR). 
Such a method is for example known through WO-A1-97/40659. 

[0004] Below first an example of a known fuel assembly for a BWR 

will be described with reference to Fig 1-3. 

[0005] Fig. 1 thus schematically shows a fuel assembly for a BWR. The 

fuel assembly comprises a channel box 2 (which here is only shown to the 
right in the figure). Inside the channel box 2 a number of fuel rods 3 are ar- 
ranged. The fuel rods 3 extend from a top plate 5 to a bottom plate 6. The fuel 
rods 3 consist of cladding tubes which contain pellets with nuclear fuel mate- 
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rial. In the figure a number of pellets 4 are symbolically shown. At the top, 
the fuel rods 3 are provided with end plugs 8. The fuel rods abut against the 
lower side of the top plate 5 with the help of coiled springs 9. A plurality of 
spacers 7 are arranged 'for holding the fuel rods 3 at a distance from each 
other. The fuel assembly is long and thus has a longitudinal direction which is 
here indicated with a central axis 10. The fuel assembly may often comprise a 
water channel which usually extends over substantially the whole length of 
the fuel assembly and which enables a flow of non-boiling water up through 
the fuel assembly. 

[0006] Fig. 2 shows schematically a cross-section of a fuel assembly 

for a BWR. This cross-section shows that the fuel assembly comprises a cen- 
tral water channel 12 with a square cross-section and four smaller water 
channels 14. 

[0007] Fig. 3 shows schematically a cross-section of another construc- 

tion of a fuel assembly for a BWR. This cross-section shows that the fuel as- 
sembly in this case only comprises one water channel 16 which has a square 
cross-section. 

[0008] Both the above mentioned channel box 2 and the water channels 

12, 14 and 16 are often produced of sheet materials which are formed and 
welded together in a suitable manner such as is well known to a person with 
knowledge within the field. Concerning the channel box 2, this can be pro- 
duced by producing two sheets. Each sheet is bent such that a U-shaped pro- 
file is achieved. These U-shaped profiles can then be welded together such 
that a channel box 2 with a square cross-section is obtained. Fig 4 indicates 
schematically a cross-section of two such U-shaped profiles before they have 
been joined and welded together. Fig 5 shows the channel box 2 when the two 
U-shaped profiles have been welded together. The weld seams are here indi- 
cated by 18. 

[0009] Channel boxes and water channels for fuel assemblies are usu- 

ally produced in different Zr-based alloys which are well known to a person 
with knowledge within the field. For example, the well-known alloys Zir- 
caloy-2 and Zircaloy-4 may be used. 
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[0010] In the very particular environment that a nuclear reactor consti- 

tutes, the components that form part thereof have to meet many requirements. 
A very large number of suggestions for the selection of material and for 
methods of production of components for fuel assemblies for nuclear reactors 
have therefore been produced. Even small modifications in the composition of 
alloys or in parameters of production can have a large importance for the 
properties of the components. 

[0011] The above mentioned WO-A1-97/40659 describes a method of 

producing sheet material of a Zr-based alloy for producing channel boxes for 
fuel assemblies for a BWR. According to the described method, a sheet of the 
Zr-based alloy is produced by forging, hot rolling and cold rolling in a num- 
ber of steps. Between the rolling steps a heat treatment may be carried out. 
When the sheet has been produced to the final or almost the final dimension it 
goes through a P quenching. Through the P quenching, the properties of the 
sheet are improved. Among other things, the corrosion properties are thereby 
improved. Furthermore, through the p quenching a more randomised texture 
of the crystal grains are achieved, which works against the tendency of the 
sheet to be deformed in particular selected directions. With a randomised tex- 
ture is meant that the crystal grains are directed randomly in different direc- 
tions. With a non-randomised texture is thus meant that the crystal grains tend 
to be directed in one or some particular directions to a larger extent. A sheet 
with a non-randomised texture therefore tends to be deformed in particular 
selected directions. 

[0012] In this context it can be noted that the used Zr-alloys exist in an 

a-phase at lower temperatures (for example at room temperature). In the a- 
phase, the crystal structure of the material is hep. At higher temperatures (for 
example for Zircaloy-4 above about 980°C) the alloy exists in p-phase. In this 
phase, the crystal structure is bcc. At a temperature which for example for 
Zircaloy-4 is between 810°C and 980°C the alloy exists in a mixture of a- 
phase and p-phase, a so-called a+P-phase. 

[0013] According to the above mentioned WO-A1-97/40659, the sheet 

may go through a heat treatment in the a-phase temperature range after said P 
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quenching. Thereby the corrosion properties of the sheet are further im- 
proved. 

SUMMARY OF THE INVENTION 

[0014] A purpose of the present invention is therefore to provide a 

method of producing and treating sheets which have further improved proper- 
ties. A purpose is thereby to increase the flatness and the straightness of the 
produced sheet, such that subsequent treatments in order to achieve a high 
flatness or straightness of the sheet can be avoided. A further purpose is to 
provide such a method which may be carried out with relatively simple 
means. 

[0015] These purposes are achieved with a method comprising the steps 

of: 

(a) producing a sheet of a Zr-based alloy by forging, hot rolling and cold 
rolling in a suitable number of steps, wherein said alloy contains at 
least 96 weight percent Zr and is of such a kind that the sheet is suit- 
able to be used for said component, 

(b) carrying out an cx+p quenching or a (3 quenching of the sheet when the 
sheet has been produced to a thickness which is equal to the final thick- 
ness, or at least almost equal to the final thickness, of the finished 
sheet, 

(c) heat treatment of the sheet in the a-phase temperature range of said 
alloy, 

wherein step c) is carried out after steps a) and b) have been carried out. 

[0016] During (3 quenching, as has been explained above, a phase trans- 

formation from bcc structure to hep structure takes place. This phase trans- 
formation partly also takes place at an a+P quenching. Since the phases have 
different structure and different volume, a change of volume takes place dur- 
ing this transformation. This change of volume leads to the fact that large ten- 
sions are introduced into the material. These tensions lead to the fact that the 
flatness of the produced sheet may not be good after such a phase transforma- 
tion. According to the present invention, the sheet is stretched during the heat 
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treatment in the a-phase temperature range of the alloy which is carried out 
after the quenching of the material. Since the sheet is stretched, the tensions 
that have been created during. the above described phase transformation from 
bcc to hep structure are'release'd. Thereby a flat and straight sheet is obtained. 
During the heat treatment according to step c) also improved corrosion prop- . 
erties are achieved since this heat treatment makes it possible for so-called 
secondary phase particles to grow. Since the sheet is stretched during the heat 
treatment, the growth of secondary phase particles takes place faster since the 
stretching increases the diffusion speed. Since the heat treatment during the 
deformation leads to a considerably faster diffusion, it is possible to control 
the degree of growth of secondary phase particles through the applied defor- 
mation. This is advantageous, in particular for a heat treatment in continuous 
oven process. For a continuous oven process with conventionally used ovens, 
it may otherwise be difficult to achieve a sufficiently long time of heating in 
order to obtain the desired growth of secondary phase particles. Since the 
sheet is stretched during the heat treatment, according to the present invention 
a sufficient growth of secondary phase particles is achieved also in a continu- 
ous oven process. 

[0017] Preferably, the heat treatment according to above-described step 

c) should not be carried out during too large of a deformation, since this may 
lead to the hep structure recrystallizing to new and larger grains, which may 
lead to a randomised grain texture obtained through quenching that is deterio- 
rated by recrystallization and grain growth which also leads to an impaired 
ductility because of the grain growth. 

[0018] According to a preferred manner of carrying out the method, the 

heat treatment during the stretching is the last heat treatment that the sheet 
goes through before it is shaped and assembled to the component for which it 
is used. It is however conceivable that a certain heat treatment can be carried 
out also after the above mentioned step c). Such a heat treatment ought how- 
ever to be of such a kind that the structure of the material that is achieved 
during the heat treatment during the stretching is not destroyed. 



SUBSTITUTE SPECIFICATION 



6 



[0019] Possibly, the sheet may be stretched also between the steps b) 

and c), i.e. also before the heat treatment and the stretching according to step 
c). However, normally such a pre-stretching is not necessary. 

[0020] According to a preferred manner of carrying out the method, 

step b) is a p quenching. As has been mentioned above, the quenching may 
either be an a+P quenching or a (3 quenching. The best properties of the sheet 
are however obtained by a (3 quenching. Furthermore, the above mentioned 
change of volume which occurs during the stretching is more prominent at a P 
quenching. The invention is thus particularly advantageously when a p 
quenching is carried out in step b). 

[0021] Preferably, said stretching is carried out at a temperature of at 

most the temperature which constitutes the highest temperature in the a-phase 
temperature range of the alloy and at least at the temperature which is about 
70% of the highest temperature with regard to °K, most preferred at a tem- 
perature which is between 80% and 98% of said highest temperature with re- 
gard to °K. For a continuous oven process, i.e. a process where the sheet con- 
tinuously is moved in an oven, preferably the stretching is carried out at a 
temperature which is between 90% and 96% of said highest temperature with 
regard to °K. For the sake of clarity, it may be noted that for example Zir- 
caloy-4 exists in a-phase up to about 810°C and in P-phase over about 980°C. 
Therebetween, the alloy exists in a+P-phase. Said highest temperature consti- 
tutes in this case thus 810°C, which corresponds to 1083°K. For example, a 
temperature of 750°C (which is 1023°K) thus constitutes about 94% of said 
highest temperature. 

[0022] Suitably said stretching is carried out such that the sheet directly 

after having gone through the stretching has a remaining elongation compared 
to the state of the sheet immediately before the stretching. The remaining 
elongation may suitably be at least 0.1%. Even if it is possible for some alloy 
that the remaining elongation may exceed 7%, the remaining elongation is, 
according to a preferred embodiment, between 0.1% and 7%, most preferred 
between 0.2% and 4%. Preferably, the stretching is carried out such that said 
elongation is lower than the critical degree of deformation of the alloy. It 
should be noted that when the sheet cools, it contracts somewhat in accor- 
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dance with the co-efficient of heat extension of the material. For this reason, 
the remaining elongation has above been defined for the state in which the 
sheet is immediately before and after the stretching, i.e. before it has cooled 
down and thereby contracted -because of the temperature difference. As is 
clear from the above mentioned preferred elongations, it is only necessary 
with a small remaining elongation in order to release the tensions that have 
been created during the quenching of the material. By the critical degree of 
deformation is meant the degree of deformation where the a-phase grains re- 
crystallize to new and larger grains. Even if the deformation should somewhat 
exceed the critical degree of deformation, only a marginal change of the tex- 
ture of the material is obtained which does not have any larger negative effect 
on the material properties. However, the ductility of the material may be ef- 
fected negatively if the grains formed are too large. Preferably, the degree of 
deformation is therefore lower than the critical degree of deformation of the 
alloy. 

[0023] The component suitably defines a longitudinal direction which, 

when the component is used as intended in said fuel assembly, is at least sub- 
stantially parallel to the longitudinal direction of the fuel assembly. The 
stretching of the sheet may then suitably be carried out in a direction which 
corresponds to the longitudinal direction of the component for which the sheet 
is intended. The sheet may suitably be long and thereby the stretching may 
suitably be carried out in the longitudinal direction of the sheet. 

[0024] Another aspect of the invention concers the use of a sheet pro- 

duced and treated according to the method according to any of the above de- 
scribed manners. The sheet is thereby used as said component or as part of 
said component in a fuel assembly for a nuclear light water reactor. Since the 
produced sheet has good properties and is flat and straight, it is suitably to be 
used for a component in a nuclear light water reactor. 

[0025] According to a preferred use, said component is a channel box 

which defines an inner space, inside of the channel box, in the fuel assembly, 
wherein a plurality of fuel rods are arranged in said inner space and wherein 
said sheet is used for at least one of the walls of the channel box. 
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[0026] Preferably, the above mentioned fuel assembly is a fuel assem- 

bly for a nuclear boiler water reactor. 

[0027] According" to another advantageous use, said component is a 

water channel arranged in the fuel assembly in order to enable a flow through 
the fuel assembly of non-boiling water, and wherein said sheet is used as at 
least one wall of said water channel. 

[0028] Since channel boxes and water channels have an extension 

which normally constitutes almost the whole length of the fuel assembly, it is 
important that these components have good properties and good flatness and 
straightness. Therefore, with advantage, the sheet produced and treated ac- 
cording to the method according to the present invention is used for these 
components. 

[0029] The invention also concerns a method of producing a channel 

box for a fuel assembly for a nuclear boiling water reactor, which method 
comprises: 

producing and treating a plurality of sheets with the method according 
to any of the above described embodiments, and 

accomplishing a suitable shape of these sheets and joining the sheets 
such that said channel box is formed. 

[0030] The invention also concerns a method of producing a water 

channel for a fuel assembly for a nuclear boiling water reactor, which water 
channel is intended to form part of said fuel assembly for enabling a flow 
through the fuel assembly of non-boiling water, which method comprises 

producing and treating a plurality of sheets with the method according 
to any of the above described embodiments, and accomplishing a suitable 
shape of these sheets and joining the sheets such that said water channel is 
formed. 

[0031] Through these methods of producing channel boxes and a water 

channel, respectively, the advantages which are described above concerning 
the used sheet are obtained. 
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[0032] The invention also concers a fuel assembly for a nuclear boiling 

water reactor, comprising: 

a channel box with a material structure obtained by the fact that the 
sheet which forms at least the main part of the walls of the channel box is 
produced and treated according to the method according to any of the above 
described embodiments, and 

a plurality of fuel rods comprising nuclear fuel material arranged 
within said channel box. 

[0033] The invention also concerns a fuel assembly for a nuclear boil- 

ing water reactor comprising: 

at least one water channel with a material structure obtained by the fact that 
the sheet that forms at least the main part of the walls of the water channel is 
produced and treated according to the method according to any of the above 
embodiments. 

[0034] Also the above described fuel assemblies have advantageous 

properties since the sheet that is used for the walls of the channel box and the 
water channel, respectively, is produced and treated with the advantageous 
method according to the invention. 

SHORT DESCRIPTION OF THE DRAWINGS 

[0035] Fig 1 shows schematically a fuel assembly for a nuclear boiling 

water reactor. 

[0036] Fig 2 shows schematically a cross-section through a fuel assem- 

bly for a nuclear boiling water reactor. 

[0037] Fig 3 shows schematically a cross-section through a boiling wa- 

ter reactor of another construction. 

[0038] Fig 4 shows schematically a cross-section of two U-shaped pro- 

files before they are joined. 

[0039] Fig 5 shows schematically the U-shaped profiles according to 

Fig 4 after they have been joined. 

[0040] Fig 6 shows schematically a sideview of a sheet in a device with 

which the sheet can be stretched. 
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DESCRIPTION OF EMBODIMENTS OF THE INVENTION 

[0041] An example of a method according to the invention to produce 

and treat a sheet that ifc suited to be used as a component or as a part of a 
component in a fuel assembly for a nuclear light water reactor will now be 
described. 

[0042] As a starting material a Zr-based alloy is used which contains at 

least 96 weight percent Zr. The alloy is of such a kind that it is suited to be 
used for for example a channel box or a water channel in a nuclear boiling 
water reactor. For example, the known alloys Zircaloy-2 or Zircaloy-4 may be 
used. Examples of alloying contents are given in the above mentioned WO- 
Al-97/40659. Also other Zr-based alloys which are suited for the use can be 
used. It is well known to a person skilled in the art that the alloying contents 
which is the case in Zircaloy-2 or Zircaloy-4 can be modified in different 
manners in the order to achieve desired properties. Also for example Zr-based 
alloys where the largest alloying constituent is Nb may be used. As an exam- 
ple, the use of an alloy of Zircaloy-4 will be described below. 

[0043] An ingot is produced of this alloy. The ingot is forged within the 

P-phase temperature range, at a temperature of about 1150°C. 

[0044] Conventional forging for reducing the thickness of the material 

is carried out within the a-phase temperature range. Thereafter the thickness 
is further reduced by hot rolling after preheating to for example 950°C during 
15 minutes or 750°C during 45 minutes. The hot rolling is carried out to a 
thickness of about 20 mm to 30 mm. Thereafter a second hot rolling follows 
to a thickness of about 4 mm at a maximum temperature of 650°C. 

[0045] Between these hot rollings possibly a heat treatment at about 

1020°C during 5 to 10 minutes may be carried out in order to homogenise the 
alloying elements. 

[0046] Thereafter a cold rolling is carried out in a number of steps in 

order to reduce the thickness to the final thickness or at least almost to the 
final thickness. For example, one to three cold rollings may be carried out in 
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order to achieve the correct permissible variation of the sheet thickness and 
the surface finish. Between each cold rolling, the material is suitably heat 
treated at about 730°C in a continuous oven process. 

[0047] Thereafter the material is P quenched in that it is heated to about 

1050°C during about 10 seconds whereafter a quenching is carried out. The 
cooling speed may for example be about 25°C per second. 

[0048] After the (3 quenching, the sheet is heat-treated at about 750°C 

in a continuous oven process. The heat treatment may for example take place 
during 2-10 minutes, preferably during about 8 minutes. During this heat 
treatment, the sheet is stretched such that a remaining elongation of about 
0.5% is achieved. With remaining elongation is here meant that the sheet has 
been elongated this much directly after the stretching as compared to immedi- 
ately before the stretching. Thereafter possibly the sheet may contract some- 
what when it cools in accordance with the coefficient of heat extension of the 
material. 

[0049] Fig 6 shows schematically how the stretching of the sheet may 

be carried out in a continuous process. The sheet is fed forward in the direc- 
tion that is marked with an arrow with the help of a front pair of rollers 20 
and a rear pair of rollers 22. If the feeding speed with the front pair of rollers 
20 is a little higher than the feeding speed with the rear pair of roller 22, the 
sheet goes through a stretching during the feed. It should be noted that pref- 
erably this feed takes place in an oven such that the sheet is heated at the 
same time as it is stretched. It should be noted that the stretching does not 
necessarily have to take place in a continuous process with the help of rollers 
such as is shown in Fig 6. It is also possible that the sheet is arranged in some 
other kind of stretching device in order to carry out the stretching. 

[0050] Preferably, the sheet is long and the stretching is carried out in 

the longitudinal direction of the sheet. This longitudinal direction thereby 
suitably corresponds to the longitudinal direction of the component for which 
the sheet is to be used. 
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[0051] The produced sheet is preferably used as a component or as a 

part of a component in a fuel assembly for a nuclear light water reactor, pref- 
erably a nuclear boiling water reactor. The sheet may for example be used for 
the channel box 2 which surrounds such a fuel assembly. Another use is for 
the water channel or the water channels 12, 14, 16 which may form part of 
such a fuel assembly. 

[0052] A channel box 2 for a fuel assembly for a BWR may be pro- 

duced in that two sheets of a suitable dimension are produced. These sheets 
are thereafter bent to U-shaped profiles such as is shown in Fig 4. Possibly, 
the sheets may be heated somewhat, for example to about 200°C, before they 
are bent. The U-shaped profiles are thereafter welded together in a manner 
which is well known to a person with knowledge within the field. Possibly, 
the channel box 2 may be shaped in that it is positioned on a fitting of 
stainless steel, whereafter heating takes place in order to transfer the shape of 
the fitting to the channel box 2. 

[0053] A water channel 12, 14, 16 for non-boiling water for a fuel as- 

sembly for a BWR may be produced in a similar manner. A sheet is produced 
with the method according to the invention. Sheets of suitable dimensions are 
produced. These parts are shaped and welded together such that a water chan- 
nel 12, 14, 16 of a suitable shape is obtained. This shape may for example 
constitute a cruciform water channel which consists of different channel parts 
12, 14 such as is shown in Fig 2 or as a square water channel 16 of the kind 
that is shown in Fig 3. 

[0054] The invention also concerns a fuel assembly for a nuclear BWR. 

Such a fuel assembly has a channel box 2 with a material structure, flatness 
and straightness obtained in that the sheet which forms the walls of the chan- 
nel box 2 is produced and treated according to the method which has been 
described above. The fuel assembly may for example be of the kind which is 
shown schematically in Fig 1. 

[0055] The invention also concerns a fuel assembly for a BWR of 

which at least one water channel 12, 14, 16 forms a part. This water channel 
12, 14, 16 has a material structure, flatness and straightness obtained in that 
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the sheet is produced and treated according to the method which is described 
above. Of course, the fuel assembly may have both a channel box 2 and a wa- 
ter channel 12, 14, 16 which are fabricated of sheets which are produced and 
treated with the method' according to the invention. 

[0056] The invention is not limited to the above described examples but 

may be varied within the scope of the following claims. 
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